The isotopic composition of zirconium in silicon carbide grains from the Murchison meteorite was measured by resonant ionization mass spectrometry of laser-ablated neutral atoms. These grains are condensates from the atmospheres of red giant stars that existed before the formation of our sun and solar system, and they contain records of nucleosynthesis in these stars. The r-process-dominated isotope zirconium-96 was depleted by more than a factor of 2 compared with the s-process-dominated isotopes zirconium-90, zirconium-91, zirconium-92, and zirconium-94, in agreement with expectations for neutron capture nucleosynthesis in asymptotic giant branch stars.
The isotopic composition of zirconium in silicon carbide grains from the Murchison meteorite was measured by resonant ionization mass spectrometry of laser-ablated neutral atoms. These grains are condensates from the atmospheres of red giant stars that existed before the formation of our sun and solar system, and they contain records of nucleosynthesis in these stars. The r-process-dominated isotope zirconium-96 was depleted by more than a factor of 2 compared with the s-process-dominated isotopes zirconium-90, zirconium-91, zirconium-92, and zirconium-94, in agreement with expectations for neutron capture nucleosynthesis in asymptotic giant branch stars.
The presence of relict presolar material in the solar system was hinted at with the discovery of enrichments in the heavy and light isotopes of xenon in meteorites (1) , it was established with the discovery of 22 Ne enrichments in meteorites in 1972 (2) , and it has been widely accepted since the discovery in 1972 of 16 O-rich materials in meteorites (3) , but the discoveries of the identities of the presolar grains did not begin until 1987 (4) . Five presolar phases have been identified in carbonaceous and unequilibrated ordinary chondrites: diamond (mean size 2.6 nm) (4, 5) , silicon carbide (Ͻ0.05 to 20 m) (6, 7) , graphite (0.8 to 7 m) (8) , aluminum oxide (9) (10) (11) , and silicon nitride (12) . The properties of presolar grains in meteorites have been reviewed (13, 14) . The strongest evidence for the presolar origin of these grains is the anomalous isotopic composition of Si, C, N, and O, as measured in individual grains by secondary ion mass spectrometry.
Silicon carbide is the best studied type of presolar grain, because it occurs as relatively large grains and it incorporates a number of minor and trace elements. The majority of SiC grains have nuclear abundances suggesting condensation around low-mass (1 to 3 M J , where M J is the mass of the sun), thermally pulsing, asymptotic giant branch (TP-AGB) stars (15) (16) (17) . Relative to solar abundances, these grains have enhanced 12 C/ 13 C ratios and diminished 14 N/ 15 N ratios, and they are enriched in 29 Si and 30 Si relative to 28 Si. Many of them also had high initial 26 Al/ 27 Al ratios. Aggregates of SiC grains show enrichments in the s-process isotopes of heavy elements (13, 14) . In the s-process, nucleosynthesis occurs by neutron capture under conditions in which neutron densities are low enough to allow beta decay of short-lived radionuclides before another neutron capture can occur (18) . Whereas isotope ratios of several light elements (C, N, Mg, Si, Ca, and Ti) have been measured in individual presolar grains (13) , isotope ratios of some elements beyond the Fe peak, Kr, Sr, Xe, Ba, Nd, Sm, and Dy (16, (19) (20) (21) (22) (23) (24) , have been measured only in aggregates of many grains. Each presolar SiC grain may have come from a different star, and grain-size separated aggregates have shown varying degrees of s-process enrichment for Kr, Sr, and Ba (16, (19) (20) (21) (22) (23) , as well as varying s-process end member compositions. Measurements of the isotopic composition of Si and C in individual SiC grains show large differences from grain to grain, reflecting the unique nucleosynthetic history of each grain. It follows that detailed information on heavy-element nucleosynthesis requires isotopic analysis of single grains.
Our first target element was Zr, for the following reasons: (i) Zr is the most abundant heavy element in most SiC grains (25) (26) (27) (28) (29) . We have developed an instrument that combines a high-sensitivity, high-specificity mass spectrometer with micrometer-size sampling capability, and we report here measurements of Zr isotope ratios in individual SiC grains.
About 200 grains of the 3.4-to 5.9-m size fraction (labeled "KJH") from the Murchison meteorite (30) were pressed into soft gold. Scanning electron microscopy with energy-dispersive x-ray microanalysis showed that about one-third of the grains in this mount were SiC; the remainder were hibonite and corundum. Isotopic analysis of Zr in presolar SiC is challenging, because of isobaric interferences from other elements and compounds. Zirconium has the following isobaric overlaps: Mo at masses 92, 94, and 96; Ru at mass 96; and Ti 2 at masses 92, 94, and 96 (with the most abundant mass peak of Ti 2 and the least abundant isotope of Zr at mass 96). Molybdenum is present in SiC (31), and Ru has been reported as grains (as either metal or a carbide) within presolar graphite spherules (32) and could be present in SiC. In addition, Ti is an abundant element in presolar SiC (30) , and, hence, Ti 2 is a potential mass interference. The mass resolution needed to resolve these interferences, M/⌬M of 8 ϫ 10 3 to 4 ϫ 10
5
, is beyond the capability of available secondary ion mass spectrometers. We developed an instrument, the ChicagoArgonne resonant ionization spectrometer for microanalysis (CHARISMA), that combines laser-induced thermal desorption of the sample with selective resonant photoionization of a specific element (for example, Zr) while leaving potential isobaric interferences (for example, Mo, Ru, and Ti 2 ) in the neutral state (33) .
Thirty grains from KJH were ablated in CHARISMA, and 11 had Zr concentrations high enough to make isotopic measurements (34) . In addition to the individual grains, we also analyzed an aggregate sample of the Murchison 0.32-to 0.70-m grain-size separate (labeled "KJB") (30) . It is common practice to normalize to the most abundant isotope when reporting isotope ratios. We have chosen instead to normalize our data to 92 Zr, because of a potential analytical artifact that could yield undercounting of the most abundant isotope, Zr, compared with a terrestrial composition standard. The isotopic pattern of the fine-grained KJB SiC aggregate plots among the individual KJH grains.
The isotopic compositions of heavy elements have previously been measured in aggregates of SiC grains. In those studies, the isotopic compositions generally appeared to be mixtures of two components, the first of near-solar isotopic composition and the second of essentially end-member s-process products. The data for Zr (Fig. 2 ) also appear to be the result of mixing of two such components, one of near solar Zr isotopic composition and the other strongly depleted in 96 Zr. The isotopic composition of individual grains does not vary as laser ablation proceeds, so the presence of two Zr isotopic components must reflect mixing before formation of the SiC grains.
Mainstream SiC grains are generally believed to have formed around TP-AGB stars (13) . These stars have periodic pulses occurring tens of thousands of years apart that mix s-process nuclei produced deep in the star's interior into the outer portions (37, 38) . During the interpulse period, these stars consist of a C™O core, a thin H-burning shell, and a convective H-rich envelope. As H burning proceeds, He builds up beneath the H-burning shell, the star contracts, the temperature increases, and neutrons are produced through 13 C(␣,n) 16 O (where n stands for neutron). When the temperature and He abundance become high enough, He burning is explosively ignited, and the star develops a He-burning shell. The energy release from He burning causes the star to expand, H burning is temporarily inactivated, and the convective envelope penetrates into the top region of the He shell. In this so-called third dredge-up, s-process nuclei produced during the interpulse period are mixed into the envelope and some H can mix downward to make 13 C from 12 C. The He-burning flash may only last 150 years because He is exhausted, after which the star contracts and the H-burning shell is reactivated (39) . Strong stellar winds can drive off material from the outer, cooler part of the H-rich envelope of the star, allowing condensation to occur in the circumstellar envelope. The H-rich convective envelope is generally considered to be similar in heavy-element isotopic composition to the solar system before s-process products from the He shell are dredged up. A TP-AGB star undergoes a series of thermal pulses, with increasing amounts of s-process products dredged up and mixed into the envelope. TP-AGB stars continually lose mass in the form of ejected gas and condensate dust. A particular SiC grain will condense during the long interval between thermal pulses and should be uniform in isotopic composition. Dust grains that condense after only a few pulses should have Zr isotopic compositions close to that of our solar system, whereas those that condense late in the history of a TP-AGB star should be highly enriched in s-process Zr. In our analyses, single SiC grains were partially ablated 92 Zr indicates mixing of s-process Zr with Zr of normal isotopic composition in the stars in which the grains formed and is the stars in which the grains formed and is consistent with the formation of these SiC grains around TP-AGB stars.
The primary source of neutrons for the s-process in TP-AGB stars is thought to be 13 C(␣,n) 16 O, where 13 C is produced by proton capture on 12 C during interpulse periods (38) (39) (40) (42) (Fig. 2) illustrates an evolutionary path for successive thermal pulses in a single AGB star of 1.5 M J , for comparison with the measured compositions. For this mass and solar metallicity, the 13 C abundance was adjusted to fit C, Kr, Sr, Xe, and Ba isotopic abundances in the mainstream SiC grain population.
The calculation agrees with the observed Zr isotopic compositions of the grains, in the sense that large deficits in 96 Zr, small deficits in 90 Zr, and small excesses in 94 Zr are predicted and observed. Only for 91 Zr is a small excess predicted and a small deficit observed. Zirconium-90, 91 Zr, 92 Zr, and 94 Zr are produced and 96 Zr is consumed by the s-process. In the later thermal pulses of a TP-AGB star, the bottom of the convective shell may become hot enough to marginally activate the 22 Ne(␣,n) 25 Mg reaction, producing a short burst of high neutron density (10 8 to 10 10 cm Ϫ3 ). Under these conditions, 64-day 95 Zr may capture a neutron to form 96 Zr before beta decay occurs, causing the turnaround in the calculated trajectory (Fig. 2) .
Condensation of SiC grains around the star from material ejected from the envelope requires that the ejecta have a C/O ratio Ͼ 1 (43) . The C/O ratio increases with successive third dredge-up episodes. In Fig. 2 and (iii) 537.5-nm radiation ionized the excited Zr atoms through a resonant transition to just above the ionization limit (44) . CHARISMA is equipped with an all-reflecting Schwarzschild-type optical microscope, which allows the sample to be viewed with ϳ1-m spatial resolution and also permits introduction of a laser for ablation of the sample (33) . The measurements were performed with a repetition rate of 20 Hz; each cycle consisted of the following sequence: (i) a 337-nm N 2 ablation laser pulse (pulse length ϳ3 ns), focused on a silicon carbide grain or standard, produced a cloud of neutral atoms, ions, and molecules; (ii) a voltage pulse was applied to an extraction electrode to electrostatically suppress the ions; (iii) the three resonant laser beams intersected the cloud of neutral species above the sample, resonantly ionizing Zr with high efficiency and nonresonantly ionizing other species with low efficiency; (iv) a positive 2000-V target pulse extracted and accelerated these photoions; (v) the photoions were mass-analyzed in a reflectron-type time-of-flight mass spectrometer with 4-m-long flight path; (vi) data were collected in an ion-counting mode, in which the signal produced by a single photoion was converted to a normalized voltage pulse (500 mV, 5 ns) and digitized in a 200-MHz transient recorder. Analysis of NIST Standard Reference Material (SRM) 1264a steel, which contains 690 ppm Zr, 4900 ppm Mo, and 2400 ppm Ti, showed no mass peaks of Mo and Ti 2 under Zr resonance ionization conditions. Zirconium metal and SRM 1264a were used as isotopic standards and are assumed to be of terrestrial isotopic composition. In addition, in each silicon carbide grain, a background mass spectrum was collected after two of the resonant lasers were detuned by 0.12 nm. In samples with nonresonant Ti in their mass spectra, a small peak at mass 96 from 48 Ti 2 was seen. Resonant spectra were corrected for this interference, normalizing to the 48 Ti peak in both resonant and detuned spectra. 35. The ion-counting mode has the advantage that the signal-to-noise ratio is improved by reduction of electronic noise. A disadvantage may arise from systematic counting errors due to the limited time resolution of our detector system. The temporal distribution of photoions arriving at the detector (for one mass) has a full width at half maximum of ϳ30 ns. In some spectra, two (or more) photoion signals may fall within one 5-ns channel, and only one ion will be counted. Such an event is most likely if a large number of atoms are removed by the desorption laser. Because of pulse-to-pulse fluctuations of the desorption laser intensity, the amount of removed material per shot can vary significantly. To avoid significant counting errors, precise control of the incident laser intensity and very low average count rates (Ͻ1 count per channel per 100 shots) are necessary. 
